To determine the role of extracellular proteinases in ischemia-induced retinal neovascularization in an animal model and to examine the effect of proteinase inhibitors on retinal neovascularization.
Clinical Relevance: Because up-regulation and activation of proteinases represents a final common pathway in the process of retinal neovascularization, pharmacological intervention of this pathway may be an alternative therapeutic approach to proliferative retinopathy.
Arch Ophthalmol. 1999; 117:498-503 R ETINAL neovascularization is a leading cause of blindness in a variety of clinical conditions, including diabetic retinopathy, retinopathy of prematurity, and retinal vein occlusion. Left untreated, these conditions can result in intraocular hemorrhage and retinal detachment leading to severe visual loss. Current laser treatment for these diseases, although successful in slowing the growth of new vessels, is not optimal. This treatment may result in the loss of peripheral and night vision, and the disease may progress despite treatment. It is well accepted that hypoxia occurs in these clinical conditions and leads to an initiation of the angiogenic process in the retina.
1,2 Numerous angiogenic factors are present during the development of retinal neovascularization, 3, 4 among which vascular endothelial growth factor (VEGF) is currently thought to be the major mediator of neovascularization. [5] [6] [7] One phase of the angiogenic process is the invasion and migration of microvascular endothelial cells through the capillary basement membrane and into the adjacent extracellular matrix. This invasive process is tightly coupled to the production and activity of specific extracellular proteinases, including the serine proteinase urokinase and specific members of the matrix metalloproteinase (MMP) family. 8, 9 A balanced interplay of proteinases and proteinase inhibitors has been implicated in the process of angiogenesis and has been extensively studied during the development of tumor angiogenesis. 10, 11 The objective of this study was to determine the role of proteinases in ischemiainduced retinal neovascularization in an animal model, namely, newborn mice exposed to the variable oxygen cycle. This model system closely resembles retinopathy of prematurity and some of the characteristics seen in proliferative diabetic retinopathy, such as capillary dropout and neovascularization of the optic disc. 12 We also investigated the effect of a proteinase inhibitor on retinal neovascularization in this model.
RESULTS
Hyperoxia (75% oxygen) followed by room air treatment led to a quantifiable neovascular response in 100% of the exposed animals (Figure 1, A and B) . Numerous neovascular tufts were seen protruding from the retina into the vitreous. Animals kept LABORATORY SCIENCES in room air for 17 days served as controls and showed no evidence of neovascularization extending into the vitreous beyond the inner limiting membrane. Quantification revealed a significant increase in retinal neovascularization in animals treated with 75% oxygen and verified the previously established model of experimentally induced retinal neovascularization ( Table 1) . 12, 13 Results of zymographic analyses of retinal extracts from animals on day 17 (the active angiogenic phase) revealed significant increases in the high (54-kd) and low (32-kd) molecular weight forms of urokinase compared with controls ( Table 2 ). Significant increases were also found in the levels of proenzyme (72-kd) and active (62-kd) forms of MMP-2 in the retinas of animals with neovascularization ( Table 2) . Similar increases in the levels of proenzyme (92-kd) and active (84-kd) forms of MMP-9 were also found in experimental animals. Other members of the MMP family, specifically MMP-3 and MMP-7, were not detected in retinas by zymography. In the preangiogenic phase on day 12-before the initiation of new vessel formation and growth-the levels of MMP-2 and MMP-9 were no different from controls (data not shown). Therefore, the increases observed in the expression and activation of MMP-2 and MMP-9 on day 17 are associated with the active phase of the angiogenic process.
Animals with retinal neovascularization also demonstrated increases in messenger RNA levels for MMP-2, MMP-9, and MT-MMP (the membrane-type MMP) that correlated with the changes in proteinase levels and proenzyme activation (Figure 2, B) . The MT-MMP is an activator of MMP-2 and may explain the presence of activated forms of MMP-2. Analysis of messenger RNA did not detect expression of MMP-3 and MMP-7 in either control or experimental animals, confirming the results of zymographic analysis (Figure 2, A) .
We next investigated the effect of a synthetic MMP inhibitor on the development of retinal neovascularization in this animal model. Results of analysis of neovascular nuclei count on histological examination revealed a 72% reduction in retinal neovascularization with the intraperitoneal administration of BB-94, 1 mg/kg, compared with animals receiving intraperitoneal injection of saline solution as a placebo (Figure 1 , C and D, and Table  1 ). No obvious toxic effects, inflammation, or abnormal retinal neuronal or vascular development was detected in retinas of animals receiving BB-94, 1 mg/kg, based on the light microscopic histological appearance of the tissue. In addition, analysis of retinal sections stained with an endothelial cell-specific antibody (anti-CD 31) demonstrated that the number and distribution of capillar-
MATERIALS AND METHODS

ANIMAL MODEL OF RETINAL NEOVASCULARIZATION
Retinal neovascularization was induced in newborn mice per the protocol of Smith et al. 13 This model has been used to test the efficacy of different drugs on ischemia-induced retinal neovascularization. [13] [14] [15] C57Bl/6J mice were exposed to 75% oxygen on postnatal day 7 for 5 days. Mice (n = 12) were then brought to room air on day 12. A condition of relative hypoxia resulted, and retinal neovascularization developed. By day 17, new retinal vessels grew in 100% of animals. Animals were killed on postnatal day 17. Newborn mice kept in room air only for 17 days served as control subjects (n = 12).
Some experimental animals (n = 12) initially exposed to the oxygen cycle mentioned above received a synthetic MMP inhibitor (BB-94; British Biotech Pharmaceuticals Ltd, Oxford, England) intraperitoneally. The low molecular weight (molecular weight = 478) compound BB-94 inhibits a broad spectrum of MMPs and contains both a peptide backbone that binds it to MMPs and a hydroxamic acid group that binds it to the catalytic zinc atom. 16 Under physiologic conditions, BB-94 inhibits the activity of gelatinase A and B, interstitial collagenase, and stromelysin with 50% inhibitory concentration (IC50) values of 4, 10, 3, and 20 nmol, respectively. [16] [17] [18] Intraperitoneal injection of BB-94 has been shown to inhibit the growth of human ovarian carcinoma xenografts 16 and murine melanoma metastasis. 19 It is now under clinical trial in cases of pancreatic and ovarian cancers as an antiangiogenic agent. 
HISTOLOGICAL ANALYSIS
Mice were killed using carbon dioxide, and the eyes were enucleated and fixed overnight in 0.1 mol/L of phosphatebuffered saline solution containing 4% paraformaldehyde at 4°C. Intact eyes were embedded in paraffin, and 6-µm serial axial sections were cut parallel to the optic nerve. Nuclei were stained in sections using a mounting medium with diamidinophenylindole (Vector Laboratories, Burlingame, Calif ) and were examined with a fluorescence microscope. Nuclei on the vitreous side of the inner limiting membrane of the retina, representing microvascular cells, were counted in each section using a masked protocol. Sections containing the optic nerve were excluded because of epiretinal vasculature that may have been mistaken for neovascular nuclei. Sections obtained from the immediate medial and lateral portions of the eye did not contain the lens and were excluded as well. Neovascular nuclei from every third section per eye were counted to avoid counting individual nuclei more than once. The average number of neovascular nuclei per section per eye was calculated, and a comparison was done between the 3 groups of animals Continued on next page ies within the retina in the drug-treated group was similar to that of control animals. The number of capillaries per section was 8.0 ± 2.3 in the drug-treated group vs 6.6 ± 2.8 in the control group (P = .05). However, some animals died after receiving a single injection of the high dose (15 mg/kg) of BB-94. These effects may have been caused by an inhibition of MMP that potentially play an important role in neuronal maturation occurring in these animals during this time.
Oxygen-exposed animals without any treatment gained an average of 1.5 g in weight (27.3%) from day 12 to day 17, whereas those treated with BB-94 gained an average of 1.3 g in weight (21.3%) during the same time. Oxygen-exposed animals injected with isotonic sodium chloride had an average weight gain of 1.2 g (22.5%), which was not significantly different from the latter groups. Thus, the possibility of any nonspecific effect of the drug on retinal neovascularization, secondary to weight loss or slower rate of weight gain from toxic effects of using the drug, was ruled out in this experiment.
Significant decreases in the level of active species of MMP-2 and MMP-9 were seen in response to BB-94 treatment when retinal extracts from drug-treated animals and controls were compared (Table 2 ). In addition to its ability to inhibit the function of the active forms of MMP-2 and MMP-9, BB-94 may also prevent the activation of their proenzyme forms. For MMP-2 and MMP-9, conversion of the proenzyme form of the protein has been shown to be partially dependent on the activity of MMPs. 21 
COMMENT
Our results show that the expression of proteinases is increased during the retinal neovascularization process. The production of urokinase and specific members of the MMP family are significantly elevated in retinal extracts from mice with active neovascularization. These results correlate well with data obtained from examining proteinases in epiretinal neovascular membranes that were surgically removed from humans with proliferative diabetic retinopathy. 22 A common mechanism in mouse retinal neovascularization and human proliferative diabetic retinopathy may be an initiating hypoxic event followed by an increased expression of angiogenic proteins, including VEGF. Either or both of these mechanisms (hypoxia and VEGF) may affect the subsequent expression of proteinases by microvascular cells. Results of a previous study 23 demonstrate that isolated retinal capillary endothelial cells selectively up-regulate and activate the MMP-2 enzyme under hypoxic conditions and in response to VEGF stimulation. This is interesting in light of the present findings and suggests that interactions occur in intact retina that (controls, experimental animals exposed to the variable oxygen cycle, and experimental animals treated with the drug). Statistical analysis was done using an unpaired Student t test.
ZYMOGRAPHIC ANALYSIS
Retinas underwent zymographic analysis to measure the activity of urokinase and MMPs. Immediately after enucleation, the retinas were removed and extracted overnight at 4°C in 0.1-mol/L phosphate-buffered saline solution containing 0.1% Triton X-100, pH 8.0. Aliquots were removed for DNA determination using a fluorometer (TK100; Hoefer Scientific Instruments, San Francisco, Calif ) as an estimate of cell number. Retinal extracts were then subjected to electrophoresis in 10% polyacrylamide minigels into which casein (1 mg/mL), casein and plasminogen (0.04 U/mL), or gelatin (1 mg/mL) was cross linked. After electrophoresis, gels were soaked for 15 minutes in 2.5% Triton-X-100 and rinsed with water. For detection of urokinase, the casein and plasminogen gels were incubated for 24 hours at 37°C in 100 mmol Tris buffer, pH 8.0, containing 0.02% sodium azide. Matrix metalloproteinases were detected by incubating either gelatin gels (for MMP-2 and MMP-9) or casein gels (for MMP-3 and MMP-7) at 37°C in LSCB buffer (50 mmol of Tris, 0.2 mol/L of sodium chloride, 5 mmol of calcium chloride, 0.02% polyoxyethyleneglycol dodecylether (Brij 35; Sigma-Aldrich Corp, St. Louis, Mo), and 0.02% sodium azide, pH 7.6 for 48 hours. After incubation, gels were stained for 1 hour with 0.125% Coomassie brilliant blue R-250 and destained with 10% acetic acid. Zones of clearing that corresponded to the presence of proteinases in the gel were quantitated using image analysis software (National Institutes of Health, Bethesda, Md), and the data were expressed as pixels per microgram of DNA.
REVERSE TRANSCRIPTION POLYMERASE CHAIN REACTION TECHNIQUE
A relative reverse transcription polymerase chain reaction (PCR) technique was performed using RNA reagents (Quantum; Ambion Inc, Austin, Tex). This technique allowed for standardizing the relative level of PCR product to a coamplified invariant internal standard (ie, 18s ribosomal RNA). RNA was isolated from the retinas of control and experimental animals, and first-strand complementary DNA was prepared from 0.5 µg of total RNA using an oligo dT primer and reverse transcriptase (Superscript; GibcoBRL, Gaithersburg, Md).
For relative reverse transcription PCR analysis, 1 µL of first-strand complementary DNA was set up with the appropriate proteinase primers (MMP-2, MMP-3, MMP-7, MMP-9, or MT-MMP) and a 3:7 ratio of 18s competimers18s primers (Ambion Inc) in the same reaction. Cycling conditions were identical for all primer pairs: 27 cycles at 94°C for 1 minute, 60°C for 1 minute, and 72°C for 1 minute. These conditions were determined to be within the linear range of product amplification. After PCR, 10 µL of each reaction was examined by agarose gel electrophoresis and ethidium bromide staining, and band density was quantitated using the image analysis software. Band density for the proteinase product was corrected for increased ethidium bromide staining because of slight differences in product size, and the relative amount of proteinase product was determined after using the 18s RNA product to correct for sample-to-sample variation in the amount of total RNA used as template and tube-to-tube variations in the PCR step. All products were initially subcloned into the pCR2.1 cloning vector (InVitrogen, Carlsbad, Calif) and sequenced to confirm the identity of the PCR product. Data were analyzed by Student t tests and are expressed as mean ± SEM. result in proteinase expression, other than MMP-2, by vascular cells. Alternatively, retinal capillaries may not be the sole source of these enzymes in the retina. In addition, it is not known whether proteinase expression by microvascular endothelial cells occurs as a direct response to hypoxic conditions or whether it is mediated through the production of VEGF or other factors.
Extracellular proteinases are essential during the invasive stage of the angiogenic process in facilitating the degradation of the capillary basement membrane and the subsequent invasion of activated endothelial cells into surrounding tissues. In addition to its role in matrix degradation through the production of plasmin, urokinase has been shown to affect the motile behavior of cells by regulating cell-matrix interactions. [24] [25] [26] Of significance in this study was the finding of an increase in the high and low molecular weight forms of urokinase in retinas exhibiting neovascularization. The increased low molecular weight form suggests the presence of an amino terminal fragment of urokinase in this tissue. This protein fragment contains a growth factor-like domain and has been suggested to play a role in the stimulation of cell proliferation, another important event in the angiogenic process. 27, 28 MMP-2 has also been shown to play an important role in the interactions, which take place between a motile cell and its substratum. In angiogenic blood vessels in particular, MMP-2 has been shown to interact with the ␣v␤3 integrin on the endothelial cell surface to create localized areas of high proteolytic activity. This interaction has been postulated to facilitate the generation of extracellular matrix protein fragments that serve as substrates for the ␣v␤3 integrin and lead to increased cell survival and matrix invasion. 29, 30 Results of these studies and our own lead us to speculate that the decrease in angiogenic response seen in the retina after administra- tion of an MMP inhibitor may be caused by a disruption of potential ␣v␤3/matrix interactions necessary for the maintenance of endothelial cell survival and motility.
Attempts have been made to therapeutically intervene in the development or progression of intraocular angiogenesis. The current clinical treatment for proliferative retinopathy is laser photocoagulation. Despite the effectiveness of this therapy, the disease process may progress or recur and often results in adverse effects, including the loss of peripheral and night vision. Treatment options for retinopathy would therefore benefit from an investigation into the use of alternative therapies. Initial attempts to develop a suitable therapy have targeted primarily the VEGF system through the use of neutralizing antibodies, chimeric proteins, or antisense molecules. 14, 15, 31 Other studies have used inhibitors of protein kinase C␤ 32 and growth hormones. 13 The present study used an MMP inhibitor at a dose of 1 mg/kg to reduce retinal neovascularization by 72%. Further suppression using higher doses was achieved but with toxic effects to some animals. Future studies will use a nonsystemic, topical application of higher doses of BB-94 to inhibit the development of new vessels and to avoid toxic effects of the drug. Because the activity of urokinase was also increased in retinas in this animal model, studies using urokinase inhibitors to suppress retinal neovascularization are currently in progress. Because upregulation and activation of MMPs represent a final common pathway in the process of neovascularization, use of an inhibitor of these enzymes may have potential therapeutic benefit in the treatment of many proliferative retinopathy conditions. In addition, this type of pharmacological approach would be expected to alleviate the destructive adverse effects of the laser treatments presently in use.
Accepted for publication December 18, 1998 11) , and the 18s ribosomal RNA as an internal control (lanes 6 and 12). The identity of the polymerase chain reaction products was confirmed by cloning into the pCR2.1 vector followed by sequencing. B, Relative reverse transcription polymerase chain reaction analysis of MMP-2, MMP-9, and MT-MMP in retinas from control and experimental mice (n = 3). Significant increases were seen in the relative amount of messenger RNA for each of these proteinases in animals with retinal neovascularization compared with control animals. As seen in (A), neither control nor experimental animals showed expression of MMP-3 or MMP-7 in the retina. Asterisk indicates significantly different at PϽ.01. Retinal neovascularization was induced in C57BI/6J mice as described, and the retinas were collected and analyzed for the presence of matrix metalloproteinases and urokinase. Some mice were injected with either 1 or 15 mg/kg of the matrix metalloproteinase inhibitor BB-94 before or during the angiogenic period. ND indicates not done.
†Significantly different from controls at the PϽ.001 level. ‡Significantly different from experimental (non-drug-treated) mice at the PϽ.001 level.
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A
NGELUCCI examined bacteriologically twelve eyes enucleated after having caused sympathethic ophthalmia, and also portions of the iris removed by iridectomy from the eyes sympathetically inflamed. From the detailed reported results of his inoculations, it is particularly worthy of note that the cocci and diplococci from the iris of the two eyes sympathetically inflamed caused similar inflammatory changes when inoculated into the eyes of rabbits.
Reference: Arch Ophthalmol. 1897;26:471.
